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Synchrotron infrared measurements were conducted on a self-doped La x MnO 3−␦ ͑x ϳ 0.8͒ film. From these measurements we determined the conductivity and the temperature dependence of the effective number of carriers. While the metal-insulator transition temperature ͑T MI ͒ and the magnetic ordering temperature ͑T C ͒ approximately coincide, the onset of the change in the free carrier density occurs at a significantly lower temperature ͑ϳ45 K below͒. This suggests that local distortions exist below T MI and T C which trap the e g conduction electrons. These regions with local distortions constitute an insulating phase which persists for temperatures significantly below T MI and T C . R 1−x A x MnO 3 ͑R: trivalent rare-earth ions; A: divalent alkaline-earth ions͒ has been widely studied due to the colossal magnetoresistance ͑CMR͒ observed.
1-6 Divalent cation doping induces a change from Mn 3+ to Mn 4+ . The induced holes in the e g level create a mixed-valence system. These materials have also attracted much theoretical and fundamental physics interest since they exhibit intimate coupling of spin, lattice, orbital, and charge degrees of freedom. This coupling results in a ground-state energy landscape with multiple minima corresponding to different charge, spin, and structural configurations. Small external perturbations ͑such as temperature, pressure, substrate strain, magnetic fields, and electric fields͒ can shift the system from one state to another. A mixed valence on Mn sites can also be induced in the La-deficient La 1−x MnO 3−␦ ͑x Ͼ 0,␦ Ͼ 0͒ manganite. Both ferromagnetic order and metallic conductivity can be obtained, [7] [8] [9] and the transition temperatures can be adjusted by both the oxygen content and the La deficiency. 10, 11 One of the open questions about these colossal magnetoresistive oxides concerns the transition of the system from the hightemperature paramagnetic insulating phase ͑with Jahn-Teller distortion of the MnO 6 polyhedra which trap the conductionband electrons͒ to the low-temperature conductive ferromagnetic phase. 12, 13 It is thought that just above the metal to insulator transition, regions of metallic phase ͑Jahn-Teller free͒ begin to grow within the insulating host and then dominate at low temperature based on structural and optical-mode measurements.
14, 15 The nature of this mixed-phase behavior is still under discussion.
Optical experiments are a good way to study the phonon modes and electron-phonon coupling in oxides. 16 In addition, information on the free-carrier concentration can be derived. In previous work, it was found that the onset of the increase in the carrier numbers occurs concomitantly with the peak in resistivity and the onset of the ordered magnetic state. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In this work, we report on a synchrotron infrared spectroscopic study on self-doped La x MnO 3−␦ ͑x ϳ 0.8͒ films. While the metal-insulator transition temperature ͑T MI ͒ and the magnetic ordering temperature ͑T C ͒ approximately coincide, the change in free-carrier density onset at a significantly lower temperature ͑ϳ45 K below͒. This indicates the presence of an insulating phase significantly below the magnetic ordering temperature.
La 0.8 MnO 3−␦ films were epitaxially grown on ͑001͒ LaAlO 3 ͑LAO͒ substrates by liquid injection metal organic chemical vapor deposition. 10 Here we report the results for a ϳ120-nm-thick film which were also found in a ϳ410 nm film. The in situ postdeposition annealing leads to the strain relaxation, and it is revealed by x-ray diffraction measurement. 29 The film resistivity is 4.6ϫ 10 −4 ⍀ cm ͑10 K͒ acquired by a four-point probe setup, which is comparable with 2 ϫ 10 −4 ⍀ cm ͑5 K͒ for La 1−x Ca x MnO 3 ͑x = 0.33͒ films on a LAO substrate. 30 The metal-insulator phase-transition temperature ͑T MI ϳ 298 K͒ and the Curie temperature ͑T C ϳ 295 K͒ are quite close ͑see Fig. 3͒ and a high magnetization saturation of 3.66 B / Mn ͑5 K͒ is achieved under a 0.2 T magnetic field. We have defined T MI and T C to be onset parameters corresponding to the peak in resistivity 31 and the onset of the magnetization, respectively. Synchrotron reflectivity spectra were measured at the U2A beamline at the National Synchrotron Light Source, Brookhaven National Laboratory. This beamline has a Bruker IFS 66v/S vacuum spectrometer equipped with a Bruker IRscope-II microscope, a mercury cadmium telluride detector, and a KBr beamsplitter for mid-IR; a custom made infrared microscope with long working distant ͑40 mm͒ reflecting objective; a 3.5 micron mylar beamsplitter; and a Si bolometer detector for far-IR. The infrared frequency range covers 100-8000 cm −1 with a spectral resolution of 4 cm −1 . A ϳ0.5-m-thick gold layer was deposited on the film as a reflective reference mirror. The sample was mounted on the cold finger of a continuous flow cryostat, and the measurement temperatures were 304 ͑beginning͒, 282, 275, 265, 255, 245, 225, 200, 150, 125, 100, 80, 50, 20, and 10 K, which included the metal-insulator transition region.
The reflectivity spectra for the film and the bare substrate are given in Figs. 1͑a͒ and 1͑b͒, respectively. The vertical dashed lines correspond to phonon modes seen in other manganites. 32, 33 Note the systematic enhancement of the reflectivity with decreasing temperature. Small spectral variations in the insulating LAO substrate at different temperatures can be seen in Fig. 1͑b͒ . In Fig. 1͑a͒ the spectra ͑304, 282, and 275 K͒ show prominent LAO-like resonances in the frequency range 100-550 cm −1 and small differences are found in the region above 550 cm −1 . More detailed information can be obtained from the re-flectivity spectra on an expanded scale ͑100-550 cm −1 ͒ in Fig. 1͑c͒ . As the temperature decreases ͑between 275 and 200 K͒, the film resistance drops and the film becomes more reflective. Free carriers screen the substrate, and as a result the broad peaks at ϳ200 and ϳ450 cm −1 become narrow and the reflectivity drops. In the La 1−x Ca x MnO 3 and La 1−x Sr x MnO 3 film substrate systems and bulk samples, this phenomenon is not so obvious. 21, 22, 34 This phenomenon suggests incomplete conversion to the metallic phase over this temperature range. On the other hand, between 150 and 10 K, the reflectivity increases gradually in the whole frequency range except around the peaks at ϳ200 and ϳ450 cm −1 , as expected. A saturation level is approached below 200 K.
As the penetration depth 35 is of the order of the film thickness, the reflection from the substrate cannot be ignored especially at a low-frequency range. The reflectivity depends on the film and the substrate dielectric constants and the film thickness, after treating a one-side polished LAO substrate ͑0.5 mm thick͒ as a half-infinite plate. The dielectric functions can be described by the Drude-Lorentz ͑D-L͒ model:
. Using the available LAO dielectric functions 36 as the initial condition, we obtain the bare substrate dielectric constant by least-squares fitting. 37 Then fixing the substrate parameters, we fit the reflectivity spectra at each temperature. An example fit at 10 K is shown in Fig. 2͑a͒ , and fitting parameters at representative temperatures are listed in Table I . The parameters ͑ o0 , p0 , and ⌫ 0 ͒ correspond to the Drude contribution which yield results similar to that found previously, 20 while the second to the sixth components correspond to phonons ͑matching previous results͒. The frequencies less than 700 cm −1 are phonon resonances: ϳ170 cm −1 ͑external mode͒, ϳ350 cm −1 ͑bending mode͒, ϳ630 cm −1 ͑stretching mode͒, and ϳ520 and ϳ580 cm −1 ͑the oxygen vibrations͒. 32, 33, 38 Frequencies higher than 700 cm −1 model the effect of the polaron and band excitations. 32, 33 The optical conductivity ͓͔͑͒ can be obtained from the dielectric function: ͑͒ =− i͑͒ 4 . Temperature-dependent ͑͒ are plotted for the film ͓Fig. 2͑b͔͒ and the substrate ͓Fig. 2͑c͔͒. The spectral weight of the Drude components of the film increases as the temperature decreases and the peak above 1000 cm −1 which like a small polaron feature moves toward the low-frequency side with decreasing temperature ͑as has been discussed in detail in Refs. 34 and 39͒. The peak maximum shifts from ϳ5100 cm −1 at 304 K to ϳ4300 cm −1 at 282 K. The polaron shifts to the low-energy side quickly and below 255 K the spectral weight increases dramatically as the carrier mobility increases with reduced temperature. Below 200 K, the reflectivity spectra and the optical spectra vary slowly with the temperature. Figure 2͑c͒ shows LAO substrate optical spectra at two different temperatures. The positions do not change significantly with temperature ͑Ͻ4 cm −1 ͒ while the amplitudes vary. In addition, the zero-frequency conductivity, plasma frequency ͑ p ͒, and resistivity are related by ͑0͒ = . We plotted the dc resistivity and calculated resistivity ͓from ͑0͔͒ in Fig. 3͑a͒ with the magnetization. The resistivity data sets have a consistent trend and show good agreement for temperatures where the sample is more metallic, indicating that the D-L model is appropriate. Figure 3͑a͒ inset shows that the deficient La 0.8 MnO 3−␦ is a normal CMR material in terms of the widths of the transition regions ͑for magnetization and resistivity͒ compared with La 2/3 Ca 1/3 MnO 3 film. 31 Note the similarity in widths in the magnetization and resistivity transition regions.
The effective carrier number density N eff ͑T , c ͒ is proportional to the integrated optical conductivity spectral weight:
c Re ͑Ј͒dЈ. We use a cutoff frequency ͑ c ͒ of 5000 cm −1 to calculate the number density ͑N eff ͒. N eff ͑T͒ and Drude weight ͑DW͒ ͑the N eff of free carriers only͒ are plotted in Fig. 3͑b͒ ͑see Ref. 20͒. By examining the cutoff frequency dependence of the shape of N eff vs temperature in the broad set of manganite data in Refs. 35 and 40, we found that the onset profile is independent of c for cutoff frequencies ranging from 4800 to 32 000 cm −1 . Moreover the onset temperature found is insensitive to the choice of ϱ over a physically meaningful range. It can be seen that the onset of the increase in N eff ͑ϳ253 K͒ is significantly below T MI and T C . The free-carrier Drude weight is small compared with the N eff , and its onset occurs at ϳ245 K. The results indicate that the increase in carrier concentration lags the onset of magnetic order by ϳ45 K.
The results suggest a more complex mechanism for the transition to the low-temperature phase in manganites. It is consistent with the existence of regions with significant local distortions below T MI and T C which trap the e g conduction electrons. These regions with local distortions constitute an insulating phase which persists for temperatures significantly below T MI and T C . Low spin scattering will lead to the observed initial large resistivity drop 41 as a result of magnetic ordering of the t 2g spins enabling Mn-Mn site hopping 42, 43 when reducing temperature below T C . Further reductions in resistivity are then due to reductions in the volume of the minority insulating phase which then increases the number of free carriers. The origin of the flattening of the reflectivity spectra at low temperature is due to the increased number of free carriers, which limits the penetration depth of the light into the sample.
In conclusion, we have explored the temperaturedependent infrared reflectivity spectra of La x MnO 3−␦ /LAO ͑x ϳ 0.8͒ system over the range 100-8000 cm −1 . While the metal-insulator transition temperature ͑T MI ͒ and the magnetic ordering temperature ͑T C ͒ approximately coincide, the freecarrier density onset occurs at a significantly lowered temperature ͑ϳ45 K below͒. The conductivity was found to be systematically enhanced at lower temperatures. These results are consistent with the existence of insulating regions at temperatures significantly below the metal-insulator and magnetic ordering temperatures. 
